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RIGHTS OF THE GOVERNMENT 



[0001] The invention described herein may be manufactured and used by or for the 

Government of the United States for all governmental purposes without the payment of any 
royalty. 
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BACKGROUND OF THE INVENTION 

[0002] Field of the Invention . The present invention relates to the field of thermal effects 
on materials, and in particular, the analysis of the thermal history of a material for monitoring the 
structural integrity of material components exposed to temperature stressors. 

[0003] Description of the Related Art . Material components exposed to high 
temperatures (above 400 kelvin) for various periods of time suffer degradation in their 
mechanical properties.. Such degradation may ultimately lead to failure of the component, 
especially where such materials are exposed to repeated temperature cycles, extreme 
temperatures, rapid heating and cooling, or accompanied by other stressors, such as pressure and 
oxidation. Material components, such as those on a jet aircraft, for example, are routinely 
exposed to a combination of these stressors. Many such components are primarily affected by 
thermal stressors, which contribute to microstructural changes, creep, thermal stresses, thermal 
fatigue, and thermal shock, as well as oxidation-induced degradation of the material. Such 
components need to be replaced after, or preferably before, significant degradation occurs. 
Failure of components on aircraft, as a result of thermally induced degradation, can cause 
catastrophic damage in both economic and human terms. 

[0004] In the case of jet aircraft, regular maintenance and replacement of critical 
components is therefore essential to prevent catastrophic damage. Aircraft components 
particularly subject to thermal stressors are typically replaced after a predetermined number of 
flight hours or after fractures or other defects are detected. These solutions, while generally 
effective, may result in either the premature replacement of a costly component or the failure to 
replace the component when necessary, resulting in a catastrophic failure. 

[0005] If it were possible to accurately determine the remaining useful lifetime of an 
aircraft component, a mechanic or technician could replace the component before catastrophic 
failure and without prematurely replacing a component having a significant useful lifetime 
remaining. This would further reduce operating costs by facilitating the smooth operation of 
aircraft, as the aircraft components can be ordered as needed, thereby avoiding downtime and 
production or delivery delays while waiting for critical components. This would also reduce the 
cost of storing components that may not be needed for significant periods of time. 



-2- 



AFD694—Fair et al 



[0006] In an effort to reduce these costs, many attempts have been made to determine, 
with increasing accuracy, the useful lifetimes of aircraft components. These attempts generally 
involve an effort to determine the temperature that such components have been exposed to. 
Temperature indicating paints, for example, have been used to determine whether a threshold 
temperature has been reached. These paints, which are applied to a component, change color or 
bum away after being exposed to a specific temperature. While such techniques are useful for 
indicating that a component was exposed to a specific temperature, they do not reveal by how 
much the specific temperature was exceeded or for how long the component was exposed to any 
given temperature — both of which are important factors in determining the expected remaining 
useful lifetime of a component. Indeed, in some cases, the time of exposure at a specific 
temperature can be as important or an even more important factor in determining the useful 
lifetime of a component as the specific temperature of exposure itself. 

[0007] Others have attempted to obtain more information about the time of exposure at a 
given temperature. For example, U.S. Patent No. 5,975,758 issued November 2, 1999 to Yokota 
et al., provides a sensor having electrodes for measuring the change in resistance of a material. 
This technique is intended to provide information about the time of exposure at a given 
temperature. Such procedures, however, cannot distinguish between different stressors having 
vastly different effects on the useful lifetime of components. In other words, the same change in 
resistance may be caused by either the brief exposure at a specific temperature or a longer 
exposure at a different temperature, though the useful lifetime typically depends on which 
specific stressor occurred. In addition, the change in resistance is rapid above a threshold 
temperature for a given material, thereby yielding less useful information about the most 
important temperature stressors. The device also utilizes lead wires, which limit the maximum 
temperature of exposure. Moreover, the device fails to distinguish the sequence of stressors — 
which can significantly impact the useful lifetime of a component. Finally, for those materials 
specifically designed to operate at high temperatures, significant degradation of components may 
occur at intermediate temperatures, such as during cool-down. These devices provide little, if 
any, such information about intermediate temperature exposure once the component has been 
exposed to higher operating temperatures. 
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[0008] Though a means to continuously or periodically monitor the temperature of a 
component, using a thermocouple, for example, would provide more valuable information, such 
methods may not be feasible at very high temperatures. In addition, such methods require a great 
deal of memory for storing a large amount of data, particularly where multiple sensors are 
desired, and may not be practical or possible on certain surfaces given, for example, the physical 
requirements for storing the data — which can themselves degrade under high operating 
temperatures. 

[0009] Accordingly, there is a need for an improved method and sensor for accurately 
obtaining the thermal history, in both normal and extreme operating environments, of a variety of 
components simultaneously, and without generating an excessive amount of data. In particular, 
there is a need for determining how long and at what temperatures a material has been exposed 
to, and in some cases, for determining the order such temperature stressors have been applied. 
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SUMMARY OF THE INVENTION 

[0010] An object of the invention is to provide an improved method and sensor for 
determining the thermal history of a component. 

[001 1] Another object of the invention is to provide a relatively inexpensive sensor that 
can be positioned adjacent to a component in order to obtain information about the thermal 
history of the component. 

[0012] Another object of the invention is to provide a convenient means for reading a 
thermal history sensor and comparing it to baseline data to obtain accurate information about the 
thermal history of a component and its expected remaining useful lifetime. 

[0013] To meet these and other objects, the present invention relates to a sensor for 
determining the thermal history of a component (such as a jet engine nozzle flap or turbine blade, 
for example) subject to thermal stressors. 

[0014] The sensor contains a set of glass ceramic substrates having different 
compositions. The sensor is positioned adjacent to the component of interest, and because the 
sensor is exposed to essentially the same thermal stressors as the component, the sensor can 
reveal important information about the thermal history of the component itself. 

[0015] By exposing the sensor to a thermal stressor, each substrate — having a unique 
composition — responds with a different rate of nucleation and crystal growth. This nucleation 
and crystal growth increases the opacity of the glass ceramic substrates. The glass ceramic 
substrates in the sensor are initially clear, having no nucleation or crystallinity. Once the sensor 
is exposed to a sufficiently high thermal stressor, the percentage of opacity will change in at least 
one glass ceramic substrate. A reflective surface may be positioned under the glass ceramic 
substrates to allow light, directed through the substrates, to be reflected back through the same 
substrates in order to detect the amount of opacity. A hand held device, such as those similar to 
standard bar code readers, may be used to simultaneously obtain the opacity measurement for 
each of the glass ceramic substrates. 

[0016] A refractory material, such as sapphire, for example, may be used between the 
reflective surface and the component as a supporting substrate or cover for the sensor. A clear 
refractory material is typically used in situations where it covers the sensor. The sensor may be 
attached, where desired, by any temperature resistant means, such as screws, rivets, bolts. 
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welding, etc. In some cases, the reflective surface is applied as a coating to the refractory 
material. 

[0017] An improved thermal history sensor having multiple glass ceramic substrates with 
unique compositions is disclosed. By positioning the sensor adjacent to a component subject to 
thermal stressors, each glass ceramic substrate reacts with a unique change in opacity. By 
comparing the values representing the opacity for each glass ceramic substrate, or thermal 
history fingerprint, to baseline data — which includes a series of thermal history fingerprints and 
corresponding data regarding the structural integrity of the component (typically stored in a 
database), valuable information about the expected remaining useful lifetime of the component 
may be obtained. 

[0018] Additional objects, advantages and novel features of the invention will be set 
forth in part in the description which follows, and in part will become apparent to those skilled in 
the art upon examination of the following or may be learned by practice of the invention. The 
objects and advantages of the invention may be realized and attained by means of the 
instrumentalities and combinations particularly pointed out in the appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] While the specification concludes with claims particularly pointing out and 

distinctly claiming that which is regarded as the present invention, the features, objects, and 
advantages of the present invention can be more readily ascertained with reference to the 
following description, in conjunction with the accompanying drawings, in which: 

[0020] FIG. 1 is a perspective view of one embodiment of the thermal history sensor; 

[0021] FIG. 2 is a perspective view of an alternative embodiment of the thermal 

history sensor; 

[0022] FIG. 3 is a perspective view of another alternative embodiment of the thermal 

history sensor; 

[0023] FIG. 4 illustrates another alternative embodiment of the thermal history sensor 

attached to a component; and 

[0024] FIGS. 5a and 5b illustrate that different sequences of the same thermal 

stressors produce different thermal history fingerprints in another alternative embodiment of the 
thermal history sensor. 
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DETAILED DESCRIPTION 

[0025] Referring to the drawings, FIG. 1 depicts one embodiment of the sensor 10 

having four different glass ceramic substrates 20 secured to a reflective surface 22. In this 
particular embodiment, glass ceramic substrates 20 are equally sized and spaced and are 
positioned linearly (single row array) within the same plane. An alternative embodiment of 
sensor 10, in which glass ceramic substrates 20 are arranged in a two-dimensional array, is 
illustrated in FIG. 2. In one embodiment, all glass ceramic substrates 20 have the same 
dimensions — as well as the same average height and width (i.e., substantially square), though 
this is not essential. In one embodiment, glass ceramic substrates 20 measure approximately 1 
cm square. In other embodiments, glass ceramic substrates 20 are considerably smaller. 

[0026] The sensor 10 includes at least two glass ceramic substrates 20 having 

different compositions. In one embodiment, no two glass ceramic substrates 20 of sensor 10 
have the same material composition. Accordingly, each glass ceramic substrate 20 responds 
with different nucleation and crystal growth effects, after exposure to a specific temperature for a 
specific time, and therefore possesses a unique opacity. Glass ceramic substrates 20 may 
initially (prior to first use) be clear — that is, they have not yet been exposed to a sufficiently high 
temperature to cause significant nucleation or crystal growth. Glass ceramic substrates 20 may 
be formed from any of a wide variety of different compositions, such as Canacite, Eucryptite, or 
Cordierite, for example. 

[0027] Referring to FIG. 2, one embodiment is shown having a suitable refractory 

material 24, such as sapphire, for example, attached to reflective surface 22. Refractory material 
24 may also be used, in alternative embodiments, to cover sensor 10, to support glass ceramic 
substrates 20, or to secure sensor 10 to the adjacent material. In one embodiment, as shown in 
FIG. 3, glass ceramic substrates 20 are inset into refractory material 24. 

[0028] Any desired number of sensors 10 may be positioned adjacent to components 

(not shown) for which the thermal history is desired. The term "adjacent" includes any 
positioning of sensor 10 within sufficient proximity to the component of interest such that both 
are exposed to the same or substantially similar thermal stressors, including situations where 
sensor 10 is physically attached or secured to the component. In one embodiment, sensor 10 is 
secured to a component with rivets, as shown in FIG. 4. Two rivets, passing through apertures 
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26, are used to secure sensor 10 to an aircraft component. Other attachment means, such as 
screws, bolts, welding, or any other method capable of withstanding the expected temperature 
stressors may be used as appropriate. To obtain more accurate data about the expected 
remaining useful lifetime of a component, multiple sensors may be attached to the same material. 
For example, sensors 10 may be attached to both the "hot side" and "cold side" surfaces of a jet 
engine thrust flap. In one embodiment, a component is outfitted with several different sensors 10 
so that the thermal history fingerprint of each individual sensor 10 is combined to form a larger 
thermal history fingerprint for the component. 

[0029] Once sensor 10 is exposed to a sufficiently high temperature, to change the 

opacity of a single glass ceramic substrate 20, defined as Tmin, and not yet exposed to a 
temperature so high as to solutionize all glass ceramic substrates 20 such that all of them become 
essentially clear again, defined as Tmax, sensor 10 will provide the thermal history of the 
component positioned adjacent to it. That is, sensor 10 will provide valuable thermal history 
data for the component to which it is attached once it has been exposed at least once to a 
temperature greater than Tmin, as long as it has never subsequently been exposed to a 
temperature greater than Tmax- Because both Tmin is sufficiently low and Tmax is extremely 
high, relative to temperatures typically encountered in the operating environments of jet aircraft, 
sensor 10 is ideally suited to obtaining the thermal history of components of jet aircraft. Sensor 
10 is also well suited for use on a wide variety of other surfaces, such as those in other engines 
and blast fumaces, for example. 

[0030] Reflective surface 22 is formed from a heat resistant material having reflective 

characteristics, such as platinum, for example, or alternatively, may be a coating, having suitable 
reflective properties, applied to refractory material 24. The reflective surface 22 may be 
positioned under each glass ceramic substrate 20 so that light directed through each glass 
ceramic substrate 20 at a specific angle may be reflected back though the same glass ceramic 
substrate 20 in order to measure the opacity of the glass ceramic substrate 20. In preferred 
embodiments, the reflective surface or surfaces 22 and glass ceramic substrates 20 are positioned 
such that light may be directed at the same angle or angles through each of the glass ceramic 
substrates 20 in order to obtain an opacity reading for each glass ceramic substrate 20. This 
allows a bar code type reader (not shown), for example, to simultaneously direct light through 
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each glass ceramic substrate 20, thereby obtaining the opacity measurements for each of the 
glass ceramic substrates 20 at one time. 

[0031] The more glass ceramic substrates 20 used in sensor 10, the more information 

will be revealed about the thermal history of the adjacent component. This increased 
information comes at a cost of added complexity, however. The ideal number of glass ceramic 
substrates 20, which depends on the choice of compositions, will provide the minimum amount 
of thermal history necessary for a given component. Typically, sensor 10 includes between 
about four and about 36 glass ceramic substrates 20. 

[0032] The opacity measurement for each glass ceramic substrate 20, which bears a 

strong correlation to the fraction of crystallization or solutionization, is typically classified into 
one of several ranges, from zero opacity (clear) to ten (opaque), for example. In other 
embodiments, a single value is used instead of a range of values. The ideal number of opacity 
ranges will again be the minimum number necessary to yield sufficient thermal history for a 
given component. In computer models, we've used ten equal opacity ranges between clear and 
opaque. Consistent with this design, each glass ceramic substrate 20 of one embodiment 
therefore provides ten possible values upon each measurement of sensor 10. 

[0033] By way of example, sensor 10 of FIG. 1 initially reads "0-0-0-0." That is, all 

four glass ceramic substrates 20 are clear. After exposing sensor 10 to a temperature greater than 
Tmin, the reading will be some non-zero value, such as "3-8-0-2," for example. In this specific 
example, the reading corresponds to a transmittance or opacity measurement in which the 
fraction of crystallization of the first glass ceramic substrate 20 is between 20-30 percent, the 
second glass ceramic substrate 20 is between 70-80 percent, et cetera. This reading, for any 
given number of glass ceramic substrates 20 and desired number of opacity ranges, provides a 
thermal history fingerprint. This fingerprint therefore consists simply of a series of values, 
typically numbers (one number for each glass ceramic substrate 20), where each value 
corresponds to the percentage of opacity of that particular glass ceramic substrate 20. 

[0034] The sensor 10 and the component of interest, or sample thereof, may be 

subjected simultaneously to a variety of thermal stressors. The corresponding fingerprints may 
then be recorded, along with useful information about the resulting degradation, such as the 
expected remaining lifetime of the component, for example, using procedures known by those 
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skilled in the art. This data can be generated by subjecting the component to thermal stressors in 
a controlled environment, such as a laboratory, as well as from actual testing or operational use. 
The resulting baseline data, which may readily be stored in a database, for example, can then be 
used as a benchmark for comparing future thermal history fingerprints. 

[0035] Once the baseline data is sufficiently complete, the measurement (or thermal 

history fingerprint) from sensor 10, positioned adjacent to a component, can then be compared to 
the baseline data to yield the thermal history of the actual component of interest. The 
comparison is typically made using any of a variety of known computational techniques. 

[0036] Through computer modeling, we've discovered that even slight changes in the 

thermal stressors result in different fingerprints. Indeed, as shown in FIGS. 5a and 5b, even the 
exact same thermal stressors applied in a different sequence have resulted in different thermal 
history fingerprints. 

[0037] According to one embodiment, after an aircraft flight or during maintenance, 

sensors 10 are read by, for example, an optical device similar to a hand-held bar code type reader 
(not shown). This optical device simultaneously directs light from a wide laser beam through all 
glass ceramic substrates 20. The beam of light then reflects off reflective surface or surfaces 22 
and is directed back to a detector (typically part of the optical device). ^The corresponding 
reading then provides the thermal history fingerprint, consisting of values representing the 
opacity range of each glass ceramic substrate 20, which is then compared to the baseline data. 
Upon comparing the measured fingerprint to this baseline data, which contains information as to 
the expected remaining useful lifetime of the component — based on the response to the known 
thermal stressors, an output is provided. 

[0038] In one embodiment, the output consists of the expected remaining useful 

lifetime, in hours, of the component. In another embodiment, a simpler output is produced 
consisting of a "red," "yellow," or "green" light — indicating that the component "needs to be 
replaced immediately," "may need replacing soon," or "does not yet need replacing," 
respectively. 

[0039] In one embodiment, other data is combined with the thermal history 

fingerprint, such as the number of hours a component has been in operational use, for example, 
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to obtain increasingly accurate estimates of the expected remaining useful lifetime of the 
component. 

[0040] A variety of alternative embodiments may be constructed to achieve the 

objects of the invention. For example, sensor 10 may be removed from its environment adjacent 
to a component where a device is used to measure the opacity of each glass ceramic substrate 20 
without the need for a reflective surface 22. In another example, a light source (not shown) is 
positioned near the sensor 10 so as to allow in situ measurements of the opacity, which can then 
be transmitted to a remote receiver. This could allow, for example, a pilot to be alerted during 
flight of an inmiinent or failed component. 

[0041] Characteristics of the described and illustrated embodiments are intended for 

illustrative purposes and are not to be considered limiting or restrictive. It is to be understood 
that various adaptations and modifications may be made to the embodiments presented herein by 
those skilled in the art without departing from the spirit and scope of the invention, as defined by 
the following claims and equivalents thereof. 
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